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We present a search for the production of a new heavy gauge boson W ' that decays to a top 
quark and a bottom quark. We have analyzed 230 pb-1 of data collected with the D 0 detector 
at the Fermilab Tevatron collider at a center-of-mass energy of 1.96 TeV. No significant excess of
4events above the standard model expectation is found in any region of the final state invariant mass 
distribution. We set upper limits on the production cross section of W ' bosons times branching 
ratio to top quarks at the 95% confidence level for several different W ' boson masses. We exclude 
masses between 200 GeV and 610 GeV for a W ' boson with standard-model-like couplings, between 
200 GeV and 630 GeV for a W ' boson with right-handed couplings that is allowed to decay to both 
leptons and quarks, and between 200 GeV and 670 GeV for a W ' boson with right-handed couplings 
that is only allowed to decay to quarks.
PACS num bers: 13.85.Rm; 14.70.Pw
The top  quark  sector offers great po ten tia l to  look for 
new physics related  to  electroweak sym m etry  breaking. 
In particu lar, it is a sensitive probe for the  presence of 
additional gauge bosons beyond those of the standard  
model (SM). Such new gauge bosons typically arise in 
extensions to  the  SM from the presence of additional 
sym m etry groups [1, 2].
D irect searches for the production of additional heavy 
gauge bosons have focused on the lepton final s ta te  of the 
W ' boson decay which has good separation  between the 
W ' boson signal and the SM backgrounds. The W ' bo­
son lower m ass lim it in th is decay channel is 786 GeV [3]. 
In these studies, the  W ' boson is allowed to  have right­
handed interactions w ith leptons and quarks, and it is 
assum ed th a t the  right-handed neutrino  is lighter th an  
the W ' boson. It is also possible th a t such a W ' boson 
does no t in teract w ith leptons and neutrinos bu t only 
w ith quarks. Searching in the quark  decay channel avoids 
assum ptions about the  mass of a possible right-handed 
neutrino. Previous direct searches for W ' bosons in the 
quark  decay channel have excluded the m ass range be­
low 261 GeV [4] and between 300 GeV and 420 GeV [5]. 
Assuming th a t  the W ' boson decays only to  quarks and 
not to  leptons yields a lower m ass lim it of 800 GeV [6]. 
A search has also been perform ed in the  single top  quark 
final s ta te  of the W '-boson decay. Assuming the  W ' bo­
son has only right-handed interactions and does not de­
cay to  leptons, the lower lim it on the W ' boson mass is 
566 GeV [7]. The comprehensive search presented here 
includes all of these W ' boson models. Indirect searches 
for evidence of a W ' boson depend on exactly how it in­
terferes w ith the SM W  boson and the results are thus 
highly model specific (see Ref. [2] and references th e re in ).
The top  quark  was discovered in 1995 by the CDF 
and D 0  collaborations [8], bu t the production  of sin­
gle top  quark has not yet been observed. B oth  col­
laborations have searched for single top  quark produc­
tion  [9, 10, 11, 12, 13]. At the 95% confidence level, the 
upper lim it m easured by D 0  on the s-channel process is 
6.4 pb, and the lim it m easured by CD F is 13.6 pb. At 
the  same confidence level, the lim it on the t-channel pro­
duction cross section is 5.0 pb from D 0  and 10.1 pb from 
CDF. For comparison, the next-to-leading order (NLO) 
SM single top  quark production  cross sections are 0.88 pb 
in the s-channel and 1.98 pb in the t-channel [14].
The single top  quark final s ta te  is especially sensitive
to  the presence of an additional heavy boson, owing to  
the decay chain W ' ^  tb, where the  top  quark  decays to  
a b quark  and a SM W  boson. This decay is kinem atically 
allowed as long as the  W ' mass is larger th an  the sum  of 
top  and bo ttom  quark  masses, i.e. as long as it is above 
about 200 GeV.
An additional heavy boson would appear as a peak in 
the invariant m ass d istribu tion  of the  tb final s ta te . Note 
th a t in th is letter, the  no ta tion  tb includes bo th  final 
sta tes W ' + ^  tb and W ' -  ^  tb. The leading order 
Feynm an diagram  for W ' boson production  resulting in 
single top  quark  events is shown in Fig. 1. This diagram  
is identical to  th a t for SM s-channel single top  quark  
production  where the SM W  boson appears as the  v irtual 
particle [14, 15, 16, 17].
FIG. 1: Leading order Feynman diagram for single top quark 
production via a heavy W ' boson. The top quark decays to 
a SM W boson and a b quark.
The W ' boson also has a t-channel exchange th a t leads 
to  a single top  quark  final s ta te . However, the  cross sec­
tion  for a t-channel W ' process is much sm aller th an  the 
SM t-channel single top  quark  production due to  the high 
mass of the  W ' boson. I t will thus not be considered in 
th is letter.
T he SM W  boson from the top  quark decay then 
decays leptonically or hadronically. A heavy W ' bo­
son could also contribute to  the  top  quark decay, bu t 
th a t contribution  is negligible, again because of the large 
W ' boson mass, and will not be considered here.
We investigate th ree models of W ' boson production. 
In each case, we set the CKM m ixing m atrix  elem ents for 
the W ' boson equal to  the  SM values. In the first model 
(WL), we make the assum ption th a t the  coupling of the 
W ' boson to  SM fermions is identical to  th a t of the SM
5W  boson. Under these assum ptions, there is interference 
between the  SM s-channel single top  quark  process and 
the W ' boson production process from Fig. 1. This in­
terference term  is small for large W ' boson masses, bu t it 
becomes im portan t in the invariant mass range of a few 
hundred GeV where the SM s-channel production cross 
section is largest. In our modeling of the W ' boson pro­
duction process, we take th is interference into account. 
This is the first direct search for W ' boson production  to  
do so.
In the second and th ird  model (WR), the W ' boson 
has only right-handed interactions, hence there is no in­
terference w ith the SM W  boson. In the  second model, 
the  WR boson is allowed to  decay b o th  to  leptons and 
quarks, whereas in the  th ird  model it is only allowed to  
decay to  quarks. The m ain difference between these two 
models is in the  production cross section and the branch­
ing fraction to  quarks, and we use the same sim ulated 
event sam ple for b o th  models.
M(tb) [GeV]
FIG. 2: Histogram of the invariant mass of the top-bottom 
quark system at the parton level for different models of W ' bo­
son production. Shown are the SM s-channel distribution, the 
W'L ^  tb boson distribution, including the interference with 
the SM contribution, and the WR ^  tb boson contribution, 
for a W ' boson mass of 600 GeV.
Figure 2 com pares the  invariant mass d istribu tion  for 
the  W ' models w ith left-handed coupling (including in­
terference) and right-handed coupling (no interference) 
w ith the SM s-channel single top  quark  d istribution. 
W hile the position and w idth of the  resonance peak at 
600 GeV is not very much affected by the interference, 
there is significant destructive interference for the  left­
handed coupling in the  invariant mass region between 
the SM and the resonance peak.
Table I shows the NLO cross sections for single top 
quark  production through a W ' boson for the three dif­
ferent models. The cross section for SM-like left-handed 
W ' boson interactions takes into account the  WR boson
contribution, the SM s-channel single top  quark contribu­
tion, and the interference between them . This combined 
cross section has been calculated a t leading order using 
C oM PH E P [18] and then  m ultiplied by the N LO /LO  
cross section ra tio  from Table VII of Ref. [2]. The fac­
torization  scale has been set equal to  the invariant mass 
of the W ' boson. There is no such interference term  for 
right-handed W ' boson interactions, and the cross sec­
tions in the two right columns of Table I have been taken 
directly  from Ref. [2]. For WR boson interactions, the 
product of production cross section and branching frac­
tion  depends on w hether the  decay to  leptons is allowed 
or not. The branching fraction for the  decay W ' ^  tb is 
about 3 /12 (3/9) if the W ' boson decay to  quarks and 
leptons (only the decay to  quarks) is allowed. The sys­
tem atic uncerta in ty  on the cross section includes com­
ponents for factorization and renorm alization scale, top  
quark  mass, and parto n  d istribu tion  functions, and varies 
between abou t 12% a t a mass of 600 GeV and 18% a t a 
mass of 800 GeV.
TABLE I: Production cross section at NLO for a W ' boson X 
branching fraction to tb, for three different W ' boson models. 
The production cross sections for WL' boson interactions also 
include the SM s-channel contribution as well as the inter­
ference term between the two. They have been computed at 
leading order and scaled to NLO according to Ref. [2]. The 
cross sections for WR boson interactions differ depending on 





section X B (W ' 
W 'r  (-> I or q)
^  tb) [pb]
W r (-*■ <? only)
600 2.17 2.10 2.79
650 1.43 1.25 1.65
700 1.03 0.74 0.97
750 0.76 0.44 0.57
800 0.65 0.26 0.34
This analysis focuses on the final s ta te  topology of sin­
gle top  quark  production where the top  quark  decays 
into a b quark  and a SM W  boson, which subsequently 
decays leptonically (W  ^  ev, yU,v; including W  ^  tv 
w ith  t ^  ev, yU,v). This gives rise to  an event signature 
w ith a high transverse m om entum  lepton and significant 
missing transverse energy from the neutrino, in associa­
tion  w ith two b-quark je ts. The largest backgrounds to  
th is event signature come from W  + je ts  and t t  produc­
tion. We also consider SM t-channel single top  quark  
production  as a background in th is search.
The theoretical W ' boson production  cross section 
is more th an  15 pb for masses between 200 GeV and 
400 GeV for all three models considered here [2]. The cur­
rent lim its on the single top  quark  production  cross sec­
tion  in the  s-channel are 6.4 pb [12, 13] and 13.6 pb [10] 
and don’t  depend much on w hether the W  boson cou­
pling is left-handed or right-handed. Thus, W ' boson
6production w ith a decay to  a top  and a bo ttom  quark is 
excluded in th is m ass region. In this analysis we therefore 
explore the  region of even higher masses.
The analysis utilizes the  same datase t, basic event se­
lection, and background m odeling as the  D 0  single top  
quark  search described in Ref. [12]. We select signal-like 
events and separate  the  d a ta  into independent analysis 
sets based on final-state lepton flavor (electron or muon) 
and b-tag m ultiplicity (single tagged or double tagged), 
where b-quark je ts  are tagged using reconstructed  dis­
placed vertices in the  jets. The independent da tase ts  are 
la ter combined in the final sta tistica l analysis. We per­
form a binned likelihood analysis on the invariant mass 
d istribu tion  of all final s ta te  objects to  obtain  upper cross 
section lim its a t discrete W ' mass points. We then  com­
pare these lim its to  the  theoretical prediction and derive 
a lower lim it on the m ass of the  W ' boson for each of the 
models under consideration.
The d a ta  for th is analysis were recorded w ith the 
D 0  detector a t the Ferm ilab Tevatron, a 1.96 TeV 
pro ton-an tip ro ton  collider. The D 0  detector has a 
central-tracking system, consisting of a silicon m icrostrip 
tracker and a central fiber tracker, b o th  located w ithin a
2 T  superconducting solenoidal m agnet [19], w ith designs 
optim ized for tracking and vertexing a t pseudorapidities 
|n| <  3 and |n| <  2.5 [20], respectively. A liquid-argon 
and uran ium  calorim eter has a central section covering 
pseudorapidities |n| <  1.1, and two end calorim eters th a t 
extend coverage to  |n| «  4.2, w ith all three housed in sep­
ara te  cryostats [21]. An outer m uon system , a t |n| <  2, 
consists of a layer of tracking detectors and scintillation 
trigger counters in front of 1.8 T iron toroids, followed 
by two sim ilar layers after the toroids [22].
The analysis uses d a ta  recorded between A ugust 2002 
and M arch 2004 (230±15 p b -1  of in tegrated  lum inosity). 
The d a ta  were collected using a trigger th a t required an 
electrom agnetic energy cluster and a je t in the calorime­
ter for the  electron channel, and a m uon and a je t for 
the  m uon channel. The event selection follows th a t in 
Ref. [12], except th a t only events w ith two or three je ts 
are allowed; four-jet events are excluded to  reduce the 
background contribution  from t t  production.
In the electron channel, candidate events are selected 
by requiring exactly one isolated electron (based on a 
seven-variable likelihood) w ith transverse energy E T > 
15 GeV and |ndet| <  1.1. In the  m uon channel, events 
are selected by requiring exactly one isolated m uon w ith 
transverse m om entum  pT >  15 GeV and  |ndet| <  2.0. For 
bo th  channels, the events are also required to  have miss­
ing transverse energy E t  >  15 GeV. Je ts  are required to  
have E t  >  15 GeV and  |ndet | <  3.4. Events m ust have 
exactly two or exactly three jets, w ith the leading je t ad­
ditionally  required to  have E T >  25 GeV and |ndet| <  2.5. 
At least one of the je ts  is required to  be b-tagged using a 
secondary-vertex algorithm  [23]. We separate the  datase t 
into orthogonal subsets based on w hether one or two je ts
are b-tagged.
We estim ate the acceptances for W ' boson produc­
tion  of single top  quarks using events generated by the 
C o m p H E P  4.4.3 m atrix  elem ent event generator [18]. 
The same program  is also used to  estim ate the yield for 
the SM single top  quark  background. Interference be­
tween the  SM s-channel and WR boson production  is 
taken into account in the C o m p H E P  event generation 
for left-handed couplings. The W ' boson signals are nor­
malized to  the NLO cross section from Table I, and we 
use the  CTEQ6L1 parto n  d istribu tion  functions [24].
We use bo th  M onte Carlo and d a ta  to  estim ate the 
o ther background yields. The W  + je ts  and  diboson (W W  
and W Z ) backgrounds are estim ated using sim ulated 
events generated w ith ALPGEN [25]. The diboson back­
ground yield is norm alized to  NLO cross sections com­
pu ted  w ith M C F M  [26]. The fraction of heavy-flavor 
(Wbb) events in the W  + je ts  background is determ ined 
a t the parton  level, using M C F M  w ith the same parton- 
level cuts applied as for the samples used in the  simu­
lation. The overall W  + je ts  yield is norm alized to  the 
d a ta  sample before requiring a b-tagged je t. This nor­
m alization to  d a ta  also accounts for sm aller contribu­
tions such as Z  + je ts  events, where one of the  leptons 
from the Z  boson decay is not reconstructed. The t t  
background is estim ated  using sim ulated samples gen­
erated  w ith ALPGEN, norm alized to  the (N)NLO cross 
section calculation: a ( t t)  =  6.7 ±  1.2 pb [27]. The back­
ground due to  SM t-channel single top  quark produc­
tion  is norm alized to  the NLO cross section calculation: 
a(tqb) =  1.98 ±  0.32 pb [14]. W hen investigating the 
right-handed W ' boson coupling, the SM s-channel is 
also added as a background. The uncerta in ty  on the top  
quark  m ass is taken into account in the  cross section un­
certainty. The parton-level samples are then  processed 
w ith PYTHIA 6.2 [28] and a GEANT [29]-based sim ulation 
of the D 0  detector, and the resulting lepton and je t en­
ergies are further sm eared to  reproduce the resolutions 
observed in data . B oth  the shape and the overall nor­
m alization of the m ultijet background is estim ated  from 
data , using m ultijet d a ta  samples th a t pass all event se­
lection cuts bu t fail the  electron likelihood requirem ent in 
the electron channel or the m uon isolation requirem ent in 
the m uon channel. The sim ulated signal and background 
samples include no t only the decays W  ^  ev, ^v , bu t also 
the small contribution  from W  ^  t v  w ith t  ^  ev, ^ v .
The large mass of the W ' boson sets it ap a rt from all 
background processes, hence the  best place to  look for 
such a particle is the d istribu tion  of the reconstructed  
invariant mass in the resonance production  process. We 
reconstruct the invariant m ass of the W '  boson (the in­
variant m ass of all final s ta te  objects V§) by adding the 
four-vectors of all reconstructed  final s ta te  objects: the 
jets, the  lepton, and the neutrino  from the W  boson de­
cay from the top  quark decay. The xy-com ponents of the 
neutrino  m om entum  are given by the missing transverse
7energy. The z-com ponent is calculated using a SM W  bo­
son mass constrain t, choosing the solution w ith smaller 
\puz \ from the two possible solutions. In order to  isolate 
the  W '  boson signal, we require %/S >  400 GeV.
Figure 3 shows a com parison of the  invariant m ass dis­
tribu tion  in d a ta  to  the  sum  of all background processes. 
Also shown are the expected contributions for W ' bosons 
w ith left-handed and right-handed couplings a t three dif­
ferent masses.
D0 230 pb-1
—  WL 600 GeV 
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FIG. 3: The reconstructed W ' boson invariant mass for sev­
eral different W ' boson masses as well as background pro­
cesses for (a) left-handed W ' boson couplings, and (b) right­
handed couplings when only the decay to quarks is allowed. 
Electron, muon, single-tagged, and double-tagged events are 
combined.
The observed event yield is consistent w ith the back­
ground model in every bin w ithin uncertainties. There 
are two events a t an invariant m ass of more th an  
800 GeV, w ith an expected background of about 0.5 
events. This excess of events is consistent w ith an up­
w ard fluctuation of the  background.
System atic uncertain ties are evaluated for the simu­
lated  signal and background samples, separately  for elec-
trons and m uons and for each b-tag m ultiplicity. The 
dom inant sources of system atic uncerta in ty  on the signal 
and background acceptances are (a) the uncertain ty  on 
the b-tag m odeling in the sim ulation, (b) the uncertain ty  
from the je t energy scale, (c) 5% uncerta in ty  on the ob­
ject identification efficiencies, (d) 5% uncerta in ty  on the 
trigger modeling, and (e) 5% uncerta in ty  on the modeling 
of je t fragm entation [13]. Each of these system atic un­
certainties has been evaluated by varying the uncertain ty  
for each object in the  event (electrons, muons, jets) up 
and down by one stan d ard  deviation, and then  propa­
gating the updated  objects and corresponding weights 
th rough the analysis chain. The uncerta in ty  on the in­
teg ra ted  lum inosity is 6.5%. The background yields also 
have uncertainties from the cross sections, which vary 
from 8% for diboson production  to  15% for SM t-channel 
single top  quark production and 18% for the t t  sam ­
ples [27]. Since the W  + je ts  background is norm alized 
to  the  d a ta  before tagging, the  yield estim ate is m ainly 
affected by uncertain ties related  to  b-tagging. These in­
clude the b-tag m odeling uncertainty, and the uncertain ty  
in the flavor com position before tagging derived from 
M C F M , which is estim ated a t 25%. The W  + je ts  back­
ground yield estim ate also has an uncertain ty  com ponent 
from the parto n  level modeling of the  d istribution, 
which we estim ate as 10% based on event yield com par­
isons in the sam ple before requiring a b-tag. The un­
certa in ty  in the background yield due to  the je t energy 
scale varies between 15% and 30% for the  single top, 
top  pair, and diboson background samples. The uncer­
ta in ty  is large in these samples because m ost events have 
a small invariant m ass and only very few events are in 
the region %/S >  400 GeV. Changing the je t energy by 
a small am ount doesn’t  change the overall d istribution  
very much, bu t it has a large im pact on the num ber of 
events in the  region %/S >  400 GeV. The uncerta in ty  from 
b-tag modeling is about 8% in the single-tagged sample 
and about 20% in the double-tagged one. The to ta l un­
certa in ty  on the m ultijet samples is large («  35%) due 
to  the small num ber of events in the  d a ta  sam ple used to  
model th is background.
Due to  their sim ilar kinem atic properties, the W ' bo­
son signal processes all have very sim ilar system atic un­
certainties. The overall yield uncertain ty  due to  the 
je t energy scale is small (1-2% ) for the signal processes 
because m ost of the  signal events are in the  region 
>  400 GeV. The overall yield uncertain ty  for the 
signal samples has significant contributions from b-tag 
modeling (4% for the  single-tagged, 16% for the double­
tagged sample) and trigger modeling. The uncertain ty  
in the signal region is significantly larger. For example, 
the yield uncerta in ty  due the je t energy scale for a cut 
of \ f i  >  600 GeV is abou t 40% for the  W'R (600 GeV) 
sample.
Table II shows the event yield in the  region %/â > 
400 GeV for all samples, including the to ta l system atic
8uncertainty. The uncertain ty  includes b o th  acceptance 
and norm alization com ponents.
TABLE II: Event yields with uncertainty after selection, for 
the electron and muon channel, single-tagged and double­
tagged samples combined, after event selection and requiring 
\/J  > 400 GeV. The W +jets row also includes diboson back­
grounds. The total uncertainty on the background sum takes 
correlations between different backgrounds into account.
Event Yields for \/à > 400 GeV
SM+W'i, W'R (-> I or q) W'R (-> q only)
Signals
W ' (600 GeV) 13.0 ±2.3 13.8 ±2.4 18.4 ±3.2
W ' (650 GeV) 7.1 ±1.3 7.9 ±1.1 10.4 ±1.5
W ' (700 GeV) 4.4 ±0.8 4.6 ±0.8 6.0 ±1.1
W ' (750 GeV) 2.4 ±0.4 2.6 ±0.5 3.4 ±0.6
W ' (800 GeV) 1.6 ±0.3 1.5 ±0.3 1.9 ±0.4
Backgrounds
SM t-channel 1.9 ±0.8
tí 16.9 ±5.6
W +jets 17.8 ±4.5
Multijet 4.4 ±1.5
Background sum 41.0 ±10.2
Data 30
The observed d a ta  are consistent w ith the background 
predictions w ithin uncertainties. We therefore set up­
per lim its on the W ' boson production cross section for 
several different W ' boson masses in each model. We 
use a Bayesian approach [30] and follow the formalism 
given in Ref. [12]. The lim its are derived from a like­
lihood function th a t is proportional to  the probability  
to  ob tain  the num ber of observed counts. Binned likeli­
hoods are formed based on the final s ta te  invariant mass 
d istribution, assum ing a Poisson d istribu tion  for the ob­
served counts and  a flat prior probability  for the  signal 
cross section. The priors for the signal acceptance and 
the background yields are m ultivariate G aussians cen­
tered on their estim ates and described by a covariance 
m atrix  taking into account correlations across the  differ­
ent sources and bins.
We combine the electron and muon, single-tagged and 
double-tagged analysis channels. Figure 4 shows the 
cross section lim its together w ith the cross sections from 
Table I and their uncertainties.
At the  95% confidence level, the  shaded areas above the 
solid lines are excluded by th is analysis. The intersection 
of the solid line w ith the lower edge of the uncertain ty  
band  on the predicted cross section defines the 95% con­
fidence level lower m ass lim it for each model. Together 
w ith the lim it from the SM s-channel single top  quark 
search [12], we thus exclude the presence of a W ' boson 
w ith SM-like left-handed coupling if it has a m ass be­
tween 200 GeV and 610 GeV. We also exclude the  pres­
ence of a W ' boson w ith right-handed couplings th a t is 
allowed to  decay to  leptons and quarks (only quarks) if
observed limit 
-- expected limit 
-  SM+W’,
600 650 700 750 800 
W’ mass [GeV]
tt 3 5?—■—■—■—■—■—î 
£  ^ D 0  230 pb-1
2.57' \
observed limit 
 expected limit 
- w —  W’R ®  l or q 
-*-■ W’R®  q only
600 650 700 750 800 
W’ mass [GeV]
FIG. 4: Cross section limits at the 95% confidence level versus 
the mass of the W ' boson with (a) left-handed couplings and 
(b) right-handed couplings. Also shown are the NLO cross 
sections according to Table I and the expected limits. The 
shaded regions above the circles are excluded by this mea­
surement.
it has a mass between 200 GeV and 630 GeV (670 GeV). 
This is the  first direct search lim it for W ' boson pro­
duction th a t takes interference w ith the SM into account 
properly. I t is also the m ost stringent lim it in the  top 
quark  decay channel of the W ' boson.
A cknow ledgm ents
We are grateful to  T im  Tait for discussions related  to  
th is search. We th an k  the staffs a t Ferm ilab and col­
laborating  institu tions, and acknowledge support from 
the DOE and NSF (USA); CEA  and C N R S/IN 2P3 
(France); FASI, R osatom  and R FB R  (Russia); CAPES, 
CN Pq, FA PE R J, FA PESP and FU N D U N ESP (Brazil); 
DAE and DST (India); Colciencias (Colombia); CONA-
9CyT (Mexico); K R F and K O SEF (Korea); C O N ICET 
and UBACyT (Argentina); FOM  (The N etherlands); 
PPA RC (U nited Kingdom); MSM T (Czech Republic); 
CRC Program , CFI, NSERC and W estG rid P ro ject 
(C anada); BM BF and DFG (Germ any); SFI (Ireland); 
The Swedish Research Council (Sweden); Research Cor­
poration; Alexander von H um boldt Foundation; and the 
M arie Curie Program .
[1] T. Tait and C.-P. Yuan, Phys. Rev. D 63, 014018 (2001).
[2] Z. Sullivan, Phys. Rev. D 66, 075011 (2002).
[3] T. Affolder et al. [CDF Collaboration], Phys. Rev. Lett. 
87, 231803 (2001).
[4] J. Alitti et al. [UA2 Collaboration], Nucl. Phys. B 400, 
3 (1993).
[5] F. Abe et al. [CDF Collaboration], Phys. Rev. D 55, 5263 
(1997).
[6] V.M. Abazov et al. [D0 Collaboration], Phys. Rev. D 69, 
111101 (2004).
[7] D. Acosta et al. [CDF Collaboration], Phys. Rev. Lett. 
90, 081802 (2003).
[8] F. Abe et al. [CDF Collaboration], Phys. Rev. Lett. 74, 
2626 (1995); S. Abachi et al. [D0 Collaboration], Phys. 
Rev. Lett. 74, 2632 (1995).
[9] D. Acosta et al. [CDF Collaboration], Phys. Rev. D 65, 
091102 (2002); D. Acosta et al. [CDF Collaboration], 
Phys. Rev. D 69, 052003 (2004).
[10] D. Acosta et al. [CDF Collaboration], Phys. Rev. D 71, 
012005 (2005).
[11] B. Abbott et al. [D0 Collaboration], Phys. Rev. D 63, 
031101 (2001); V. M. Abazov et al. [D0 Collaboration], 
Phys. Lett. B 517, 282 (2001).
[12] V.M. Abazov et al. [D0 Collaboration], Phys. Lett. B 
622, 265 (2005).
[13] V.M. Abazov et al. [D0 Collaboration], submitted to 
Phys. Rev. D, arXiv:hep-ex/0604020 (2006).
[14] B.W. Harris, E. Laenen, L. Phaf, Z. Sullivan, and
S. Weinzierl, Phys. Rev. D 66, 054024 (2002).
[15] Z. Sullivan, Phys. Rev. D 70, 114012 (2004).
[16] J. Campbell, R.K. Ellis, and F. Tramontano, Phys. Rev. 
D 70, 094012 (2004).
[17] Q.H. Cao, R. Schwienhorst, and C.-P. Yuan, Phys. Rev. 
D 71, 054023 (2005).
[18] E. Boos et al. [CompHEP Collaboration], Nucl. Instrum. 
Methods A 534, 250 (2004).
[19] V.M. Abazov et al. [D0 Collaboration], Nucl. Instrum. 
Methods A 565, 463-537 (2006).
[20] Pseudorapidity is defined as r¡ = — ln ( ta n |) ,  where 9 
is the polar angle with respect to the beam axis, with 
the origin at the primary vertex. Detector fiducial re­
gions are defined by detector pseudorapidity ndet which 
is calculated with the origin at the nominal center of the 
detector (z =  0).
[21] S. Abachi et al. [D0 Collaboration], Nucl. Instrum. 
Methods A 338, 185 (1994).
[22] V.M. Abazov et al., Nucl. Instrum. Methods A 552, 372 
(2005).
[23] V.M. Abazov et al. [D0 Collaboration], Phys. Lett. B 
626, 35 (2005).
[24] J. Pumplin et al., J. High Energy Phys. 0207, 012 (2002).
[25] M.L. Mangano et al., J. High Energy Phys. 0307, 001 
(2003).
[26] J. Campbell and K. Ellis, h ttp ://m cfm .fn a l.g o v ; 
J. Campbell and K. Ellis, Phys. Rev. D 65, 113007 
(2002).
[27] N. Kidonakis and R. Vogt, Phys. Rev. D 68, 114014 
(2003).
[28] T. Sjöstrand et al., arXiv:hep-ph/0108264 (2001).
[29] R. Brun et al., CERN Program Library Long Writeup 
W5013 (1994).
[30] I. Bertram et al., FERMILAB-TM-2104 (2000).
